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Not Applicable. 

BACKGROUND OF THE INVENTION 

This invention relates to electronic design automation of electronic circuits, 
specifically to locating where the functional mistakes are in digital circuit designs, 
using a digital computer, after knowing the existence of the mistakes in the designs. 

A digital circuit comprises gates, registers and wires connecting the gates and 
registers, and a description of a digital circuit can be at behavior level, register 
transfer level, gate level, transistor level, etc. In a digital circuit, a signal value of a 
wire at any time is either 0 or 1 . When a digital circuit responds to a specific 
stimulus, the signal value of each wire in the circuit makes a waveform because the 
value can be different at different times. A subset of the waveforms of all wires in the 
digital circuit is the circuit behavior. For the purpose of avoiding erroneous chips, it is 
important to find design mistakes before fabricating the chip. A design mistake is a 
functional mistake if it causes incon^ect circuit behavior regardless the circuit speed. 

After discovering the existence of functional mistakes using a verification 
method, it is necessary to locate the functional mistakes before correcting them. It is 
more art than science to perfomn the tasks of locating and correcting the mistakes. A 
circuit can have many different correct implementations, and therefore there are 
many ways to fix the same functional mistake. Furthennore, different functional 
mistakes may cause the same enror in the circuit behavior though they may also 
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cause other different errors in the circuit behavior. As the result, correcting functional 
mistakes involves trial-and-error. 

A part of locating functional mistakes Is to identify where in the design the 
functional mistake likely is. If this part is done well, the rest of the work becomes 
much easier. However, this part normally relies on human decisions and tools are 
only used to assist. Some tools show the circuit behavior or the design in more 
understandable ways. Some other tools, normally integrated parts of simulators, 
allow parts of circuit behavior to follow user commands rather than to be driven by 
the circuit structure. There are needs for tools providing more direct assistance. 
Tools moving into the direction of providing further assistance can show direct (the 
nearest time or the nearest stnjctural connection or the nearest both) cause(s) of a 
signal value, but none of them can exhaustively show the different combinations of 
conrelated causes of one or more values in waveforms without significant 
restrictions. This difficulty is from the fact that the influence cones of signals can be 
very large while different signals can interfere with each other or they can depend on 
the same source. 

Construction of binary decision diagrams for any Boolean functions is well 
known in the art, but it is not previous applied in interactive debugging of digital 
circuits. 

BRIEF SUMMARY OF THE INVENTION 
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The present invention provides a method for identifying which parts of a 
digital circuit design the functional mistakes are likely in. It takes user's inputs of the 
incorrect circuit behavior and of the expected circuit behavior for a specific stimulus. 
It also n^ds user's sp^ificatlon of a set of points in waveforms for connections to 
happen. This method does ttie job by finding all possible ways, in terms of the given 
set of points in waveforms, to fix the design after building a binary decision diagram 
for a specially constructed cone of logic. The resultant value corrections in 
waveforms provide helpful hints for user to decide structural changes in the circuit 
design. 

This method can be used iteratively with different given sets of points in 
waveforms. This iterative fashion makes it possible to obtain likelihood ratings in 
gradually focused parts of the circuit design. 

By connecting several specially constructed cones to the inputs of an OR 
gate, this method can also be used for several simulation runs with different stimuli 
so that it can suggest structural changes for fixing ail known errors. 

BRIEF DESCRIPTION OF DRAWINGS 

FIG. 1 illustrates, in flow diagram form, a method for interactively locating 
functional mistakes in a digital circuit design. 



FIG. 2 illustrates, in block diagram form, an example branch cone for building 
a binary decision diagram. 

FIG. 3 illustrates an example binary decision diagram for a simple Boolean 
function. 

FIG. 4 illustrates a block diagram for computer system in accordance with the 
present invention. 

FIG. 5 illustrates a flow diagram for processing circuit designs in accordance 
with the present invention, 

DETAILED DESCRIPTION OF THE INVENTION 

A method for interactively locating functional mistakes in a digital circuit 
design is disclosed. 

This method, illustrated in FIG. 1, is applicable after the circuit behavior is 
shown to be incorrect with simulation. The simulation is performed on a circuit 
design 110, which includes descriptions of components in the circuit and signals 
connecting these components. The simulation run produces a value change dump 
120, which shows the values of all relevant signals at all relevant simulated times. 
The incorrect circuit behavior is described as one or more correction probes 130. 
Each of correction probes 130 includes a signal name, a simulated time and an 
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expected value. The signal name identifies where in the circuit the incorrect behavior 
is detected. The simulated time shows when in the simulation the incorrect behavior 
happens. The expected value is the supposedly correct behavior. The behavior 
calculated from the original simulation for the signal and the time identified 
respectively by the signal name and the simulated time of any of correction probes 
130 (called the behavior at this one of conrection probes 130) must not be the same 
as the expected value of this one of correction probes 130. 

When using this method, a user provides zero or more restriction probes 140 
and one or more candidate branches 150 in addition to circuit design 110, value 
change dump 120 and correction probes 130. 

Each of restriction probes 140 includes a signal name, a simulated time and 
an expected value. The behavior calculated from any simulation for the signal and 
the time identified respectively by the signal name and the simulated time of any of 
restriction probes 140 (called the behavior at this one of restriction probes 140) must 
be the same as the expected value of this one of restriction probes 140. 

Each of candidate branches 150 includes a signal name and a simulated 
time. The behavior for the signal and the time identified respectively by the signal 
name and the simulated time of any of candidate branches 150 (called the behavior 
at this one of candidate branches 150) can be forced to be different than that from 
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the original simulation. Candidate branches 150 identify where the suspected 
locations of the functional mistakes are, and this method provides further assurance. 

The behavior at any of correction probes 130 may change from the original 
simulation if the behaviors at some of candidate branches 150 are forced to change. 
Any other behavior does not change If this other behavior does not depend on the 
behavior at any of candidate branches 150. However, none of these changes should 
cause any change in the behavior at any of restriction probes 140. 

Normally the expected values for some signals at some times are given 
before running simulation because they provide the reference for deciding whether 
there are any functional mistakes. In such cases, correction probes 130 and 
restriction probes 140 can be determined from these expected values. It goes into 
correction probes 130 if the expected value does not agree with the behavior from 
the original simulation for the signal at the time. It goes into restriction probes 140 if 
the expected value agrees with the behavior from the original simulation for the 
signal at the time. It goes to neither set if the expected value is not given for the 
signal at the time. The original simulation also provides value change dump 120, 
which includes the behaviors at all correction probes 130, at all restriction probes 
140 and at all candidate branches 150. Therefore, the only required new information 
from the user is candidate branches 150. 
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This method investigates what directly forced changes in the behaviors at 
candidate branches 150 can cause the behavior at each of correction probes 130 to 
become the same as the expected value of this one of correction probes 130 without 
causing any change in the behavior at any of restriction probes 140. If these directly 
forced changes include the change in the behavior at any of candidate branches 
150, a functional mistake in circuit design 110 is likely either at a signal which 
directly or indirectly depends on the signal identified in this one of candidate 
branches 150 or at a signal on which the signal identified In this one of candidate 
branches 150 depends directly or indirectly. If none of these directly forced changes 
includes any change in the behavior at a specific one of candidate branches 150, no 
functional mistake in the circuit design is likely at any signal which depends on the 
signal identified in this specific one of candidate branches 150 or at a signal on 
which the signal identified in this specific one of candidate branches 150 depends. It 
is possible that such directly forced changes do not exist, which implies the need of 
modifying at least one of the three given sets (correction probes 130, restriction 
probes 140 and candidate branches 150) before locating the functional mistakes. 

An example is illustrated in FIG. 2. On the left hand side, it shows a part 210 
of circuit design 110. Part 210 includes two components, a 2-input AND gate 220 
and a 3-input AND gate 230. Two of the inputs in part 210 have value 1 , which is 
known from value change dump 120. Two other inputs in part 210 have signal 
names U and V, and these signal names are in the only two candidate branches 
150. An output signal is named X, and another output signal is named Y. There is 
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only one correction probe 130, whose signal name is X, and tfiere is only one 
restriction probe 140, whose signal name is Y. The expected value of correction 
probe 130 is 1 , shown as an input to an XOR gate 260. The expected value of the 
restriction probe 140 is 0, shown as an input to an XOR gate 270. None of the 
relevant simulated times is shown, and all the relevant simulated times are 
supposed to be the same (say 7 units) in this example. 

Given ail the required data shown in the top row of FIG. 1, a step 155 Is 
performed to build a branch cone 160. Branch cone 160 is a structural 
representation of how to achieve the target condition that all expectations are 
satisfied by circuit design 110. Branch cone 160 consists of 2 parts: a simplified 
version of circuit design 110 and a comparator. 

The first part of branch cone 160 includes the parts (or their copies) of circuit 
design 110 that are on the paths of signal value propagation from any of candidate 
branches 150 to any of restriction probes 140 or to any of correction probes 130. 
Each of candidate branches 150 is an input to branch cone 160, and all drivers to 
these inputs are completely ignored. If the connections from candidate branches 150 
to the union of restriction probes 140 and correction probes 130 go though the same 
part of circuit design 110 multiple passes, several copies of this part are made so 
that these connections does not go through each copy repeatedly. This unrolling 
technique is known to those skilled in the art. The rest parts of circuit design 110 are 
replaced with the con-esponding values in value change dump 120, or are ignored if 
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they are not directly connected to branch cone 160. The inputs of branch cone 160 
are candidate branches 150. 

The second part of branch cone 160 includes an OR gate and one or more 2- 
Input XOR gates which all feed the OR gate. The only output of branch cone 160, 
which is also the output of the OR gate fed by the XOR gates, has behavior 0 if the 
expected values of all correction probes 130 and of all restriction probes 140 are 
respectively the same as the behaviors at correction probes 130 and at restriction 
probes 140. There is one XOR gate for each of correction probes 130 or of 
restriction probes 140. Each signal whose name is in any of correction probes 130 or 
of restriction probes 140 is connected to an input of at least one of these XOR gates, 
if the simulated time of this one of correction probes 130 or of restriction probes 140 
is not earlier than the simulated time of any other of con-ection probes 130 or of 
restriction probes 140, this signal is connected directly to an input of the gate. 
Otherwise, the connection is through one or more delay elements, and the total 
delay of these delay elements equals to the difference between the simulated time of 
this one of con-edion probes 130 or restriction probes 140 and the latest simulated 
time of all correction probes 130 and all restriction probes 140. A D flip-flop can be 
used as a delay element for delaying one clock cycle. The expected value of this 
one of correction probes 130 or of restriction probe 140, as a constant, is connected 
directly to the other input of this XOR gate. If a signal name appears in a plurality of 
con-ection probes 130 and restriction probes 140, a different XOR gate is used for 
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each of these correction probes 130 or of restriction probes 140 because of the 
different simulated times or the different expected values. 

FIG. 2 includes a comparator 250 on the right hand side. Part 250 and part 
210 together make branch cone 160 for this example. The output of branch cone 
160 is the output of an OR gate 280. Part 210 only includes components (or their 
copies) from circuit design 110, and part 250 only includes the added XOR gates 
and the added OR gate as the comparator. Due to the identical simulated time for all 
candidate branches 150, part 250 does not include any delay elements. 

A step 165 is perfomned after step 155 to build a cone binary decision 
diagram 170 as illustrated in FIG. 1. Cone binary decision diagram 170 is a 
mathematical representation of how to adiieve the target condition that all 
expectations are satisfied by circuit design 110. Cone binary decision diagram 170 is 
simply a binary decision diagram for representing the function of branch cone 160. 
Building binary decision diagrams for combinational logic functions is kno\Am to those 
skilled in the art, and is u^d in several patents. In a preferred embodiment, cone 
binary decision diagram 170 is always reduced (none of its equivalent binary 
decision diagrams has less edges) and ordered (its input variables follow a 
predetermined order). 

Each node of cone binary decision diagram 170 is marked with an input 
variable and has 2 outgoing edges unless it is a leaf node. The left outgoing edge 
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stands for that the input variable gets value 1 , and the right edge stands for that the 
input variable gets value 0. Leaf nodes of cone binary decision diagram 170 
represent constants 0 and 1. 

The Impact of the delay elements in branch cone 160 is only to allow input 
variables of cone binary decision diagram 170 to represent signal behaviors at 
different simulated times. Cone binary decision diagram 170 represents the output 
value of branch cone 160 at the latest simulated time of all correction probes 130 
and all restriction probes 140. Each input variable of cone binary decision diagram 
170 represents one of candidate branches 150. Input variables of cone binary 
decision diagram 170 are all independent variables. 

In a prefenred embodiment, step 165 is perfonned as building binary decision 
diagrams for all connections between components in branch cone 160, from the 
inputs to the output. After building a binary decision diagram for the input connection 
to a delay element, the binary decision diagram for the output connection of the 
delay element is the same as that for the input connection while the difference in 
simulated times is only shown in the identifications of the input variables. 

FIG. 3 illustrates a binary decision diagram 320 of a simple AND gate 310 of 
two input variables. A node 350 is shown as a leaf node representing Boolean 
constant 1 , and a node 360 is shown as another leaf node representing Boolean 
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constant 0. A node 330 is shown as the root node. A node 340 is neither a leaf node 
nor a root node. 

As illustrated in FIG. 1, a step 175 is performed on cone binary decision 
diagram 170 to find paths 180, Paths 180 include all and only ways moving in cone 
binary decision diagram 170 from the root node to the leaf node representing 
Boolean constant 0. Paths 180 represent all cases of getting 0 at the output of 
branch cone 160 (i.e. getting the behaviors at all correction probes 130 and at 
restriction probes 140 to be respectively the same as their expected values). 
Therefore, it is only needed to consider paths 180 for fixing circuit design 110. 

Because each input variable of cone binary decision diagram 170 represents 
one of candidate branches 150, each of paths 180 corresponds to one or more 
combinations of possible behaviors at candidate branches 150. If one of paths 180 
includes the left outgoing edge of a node marked with an input variable, the behavior 
at the corresponding one of candidate branches 150 is 1 in all the combinations 
corresponding to this one of paths 180. If one of paths 180 includes the right 
outgoing edge of a node marked with an input variable, the behavior at the 
corresponding one of candidate branches 150 is 0 in all the combinations 
con^esponding to this one of paths 180. If one of paths 180 does not include any 
outgoing edge of any nodes marked with an input variable, the behavior at the 
corresponding one of candidate branches 150 is not import:ant in the combinations 
corresponding to this one of paths 180. 
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Also because each of candidate branch 150 has a behavior in value change 
dump 120, paths 180 can be used to determine the need of changing the behavior at 
any of candidate branches 150 as the following. 

A step 185 is perfonned to compute likelihood ratings 190 based on paths 
180. One and only one of likelihood ratings 190 is computed for each input variable 
of cone binary decision diagram 170 (i.e. for each of candidate branches 150). 
Given an input variable of cone binary decision diagram 170, each of paths 180 is 
examined to determine whether it includes a left (or right) outgoing edge of a node 
marked with this input variable if the behavior at the corresponding one of candidate 
branches 150 is 0 (or 1) in value change dump 120. One of paths 180 is called a 
conrecting path if It includes such an edge. One of paths 180 is called a non- 
correcting path If it does not include such an edge. A weight is computed for each of 
paths 180. The likelihood rating is M/(M+N) for this input variable (or for the 
con-esponding one of candidate branches 150), where M is the sum of the weights of 
all correcting paths and N is the sum of the weights of all non-correcting paths. If one 
of candidate branches 150 is not represented by any input variable of cone binary 
decision diagram 170, the likelihood rating for this one of candidate branches 150 is 
0. 

The weight of each of paths 180 is 1 in a preferred embodiment. In another 
preferred embodiment, the weight of each of paths 180 is the result of dividing an 
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initial weight by 2 repeatedly, and the number of times of repeating the division is the 
number of edges in this one of paths 180. The initial weight is the same for each of 
paths 180, and it can be 1 or any other number. As the result of this repeated 
division, each additional edge in one of paths 180 reduces the weight of this one of 
paths 180 by a half. 

If the likelihood rating Is 0 for one of candidate branches 150, the behavior at 
this one of candidate branches 150 is never required to be changed from that in 
value change dump 120 for fixing circuit design 110 (i.e., for the behaviors at all 
correction probes 130 and at all restriction probes 140 to be the same as their 
expected values). If the likelihood rating is 1 for one of candidate branches 150, the 
behavior at this one of candidate branches 150 must be changed for fixing circuit 
design 110. If the likelihood rating is neither 0 nor 1 for one of candidate branches 
160, the behavior at this one of candidate branches 150 is required to change only If 
the behaviors at some others of candidate branches 150 are also changed. 

One way to change the behavior at one of candidate branches 150 is by 
changing how the signal identified in this one of candidate branches 150 is 
generated in circuit design 1 10. Another way to do the same is by changing how the 
signal identified in this one of candidate branches 150 influences other signals in 
circuit design 110. Any one of such changes may also change the behaviors at other 
signals in circuit design 110. Therefore, many other factors need to be considered 
when deciding the final stmctural fix. 
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Because any function can be implemented correctly with many different 
circuits, there can be many correct ways to fix any functional mistake. Therefore, 
many choices of making the cxtrred change in circuit design 110 exist for an 
engineer to choose. 

Given candidate brandies 150, each of paths 180 corresponds to at least one 
of these conrect ways to fix it. Each of these correct ways conresponds to one of 
paths 180 resulting from at least one way of specifying candidate branches 150. So 
there must exist one or more ways of specifying candidate branches 150 such that 
paths 180 is not empty. If one of paths 180 includes the left outgoing edge of a node 
marked with an input variable, the corresponding fix should include the equivalent of 
making 1 the behavior at the conresponding one of candidate branches 150. If one of 
paths 180 includes the right outgoing edge of a node marked with an input variable, 
the corresponding fix should include the equivalent of making 0 the behavior at the 
corresponding one of candidate branches 150. If an input variable Is not Involved in 
one of paths 180, the behavior at the conresponding one of candidate branches 150 
need to be determined in other ways for the corresponding fix. Therefore, by trying 
different candidate branches 150, paths 180 can be found not empty so that 
likelihood ratings 190 are not all O's, and some real fixes can be found this way. 

This method can also be applied to multiple simulations runs (with different 
stimuli) of circuit design 110 while each simulation njn generates a different copy of 
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value change dump 120. All simulation runs share candidate branches 150, but each 
of them has its own ones of restriction probes 140 and its own ones of correction 
probes 130. Each of their restriction probes 140 or their correction probes 130 is 
treated the same when building branch cone 160 with consideration of that a signal 
value is from a copy of value change dump 120 for a specific simulation run if one of 
restriction probes 140 (or correction probes 130) for this simulation run depends on 
this signal. Then the rest stays the same. Each fix in the end result should cause all 
these simulation runs being corrected. 

The comparator logic in branch cone 160 and binary decision diagram 
operations obviously can be done in different but equivalent ways. For example, the 
comparator can be removed completely from branch cone 160 in another 
embodiment, and the later steps are then related to the binary decision diagrams for 
the signals at the simulated times both identified in correction probes 130 and in 
restriction probes 140. 

The invention discussed above may be implemented within dedicated 
hardware 15 as illustrated in FIG. 4 or within processes implemented within a data 
processing system 13. A typical hardware configuration of a workstation, that may 
be implemented to accomplish the method disclosed herein, is illustrated and 
includes a central processing unit (CPU) 10, such as a conventional microprocessor, 
and a number of other units intercx)nnected via a system bus 12. The workstation 
shown in FIG. 4 includes random access memory (RAM) 14, read only memory 
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(ROM) 16, and input/output (I/O) adapter 18 for connecting peripheral devices, such 
as disk units 20 and tape units 40, to bus 12. A user interface adapter 22 is used to 
connect a keyboard device 24 and a mouse 26 to system bus 12. Other user 
interface devices such as a toudi screen device (not shown) may also be coupled to 
system bus 12 through user interface adapter 22. 

A communication adapter 34 is also shown for connecting the workstation to 
a data processing network 17. Further, a display adapter 36 connects system bus 12 
to a display device 38. The method of the present invention may be implemented 
and stored in one or more of disk units 20, tape drive 40, ROM 16 and/or RAM 14, or 
even made available to system 13 via network 17 through communication adapter 
34 and thereafter processed by CPU 10. Since the apparatus implementing the 
present invention is, for the most part, composed of electronic components and 
circuits known to those skilled in the art, circuit details will not be explained in any 
greater extent than that considered necessary as illustrated above, for the 
understanding and appreciation of the underlying concepts of the present invention 
and in order not to obfuscate or distract from the teachings of the present invention. 

FIG. 5 is a block diagram that illustrates integrated circuit fabrication utilizing 
the corrected circuit design resulting from using this method of locating functional 
mistakes. An optimization tool 52 utilizes a circuit design 50 to generate an 
optimized circuit layout 54. A physical design file 58 is generated 56 from optimized 
circuit layout 54. Circuit design 50, optimized circuit layout 54, and physical design 
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58 are typically stored as data files on computer readable media such as disk units 
20. Physical design file 58 includes integrated circuit dimensions, element 
dimensions, and element locations within the integrated circuit. Physical design file 
58 locates elements and connections within a two-dimensional substrate area of an 
integrated circuit die. Preferably, physical design file 58 includes physical structure 
for performing the functions of an integrated circuit design from which physical 
design file 58 was derived. Physical design file 58 is converted 60 into a set of 
lithographic masks 62 corresponding to layers in the physical design file 58. 
Lithographic masks 62 are used to fabricate 64 integrated circuits 66. 

The method taught herein are used to generate CAD (computer aided design) 
data files which contain information regarding an integrated circuit and placement of 
gates, transistors, and the like in the integrated circuit. Specifically, the present 
invention can be used when generating these files. These files are used to form 
lithographic masks that are then used to form a plurality of integrated circuits on a 
plurality of wafers using an integrated circuit fabrication facility. The uses of these 
files and masks are known to those skilled in the art. 

While the above invention has been described with reference to certain 
preferred embodiments, the scope of the present invention is not limited to these 
embodiments. One skilled in the art may find variations of these preferred 
embodiments that, nevertheless, fall within the spirit of the present invention, whose 
scope is defined by the claims set forth below. 
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